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ABSTRACT 

Copper, silicon, aluminum, titanium and 316 stainless steel were 
textured by 1000 eV xenon ions from an 8-cm diameter electron bombard- 
ment ion source. Simultaneously sputter-deposited tantalum was used 
to facilitate the development of the surface microstructure. 

Scanning electron microscopy of the ion textured surfaces revealed 
two types of microstructure. Copper, silicon, and aluminum developed 
a cone structure with an average peak-to-peak distance ranging from 1 pm 
for silicon to 6 pm for aluminum. Titanium and 316 stainless steel 
developed a serpentine ridge structure. The average peak-to-peak dis- 
tance for both of these materials was 0.5 pm. Spectral reflectance 
was measured using an integrating sphere and a holraum reflectometer. 

Total reflectance for air mass 0 and 2, solar absorptance, ctg, and total 
emittance, s T , normalized for a 425 K black body were calculated from 
the reflectance measurements. All materials had solar absorptances 
between 0.93 (stainless steel) and 0.97 (silicon and aluminum). Total 
emittance values of 0.75, 0.80, and 0.85 for Si, Al, and Cu, respectively, 
resulted in ag/e^ of approximately 1.2. Titanium (e t = 0.37) and 316 
stainless steel (crp = 0.32) had ag/c-j. values of 2.6 and 2.9, respectively. 
The optical properties for all materials, investigated compare favorably 
with coatings presently employed for solar heating applications. 


INTRODUCTION 

The Increased awareness of the nation's future energy requirements 
has created considerable interest in the utilization of solar energy. 

The ultimate contribution that solar energy can make to the nation's 
energy needs depends on whether the conversion of solar energy into 
usable energy can be made economically competitive with other energy 
sources. One of the methods of utilizing solar energy is through solar- 
thermal collection systems. The costs of a solar-thermal collection 
system depend on system component production costs and the efficiency 
of energy collection and retention. The energy collection efficiency 
depends on the optical properties of the solar collectors. It has been 
estimated that production costs for ion textured surfaces would range 
from $550. /m^ ('°$50./ft2) for special items to several tens of 

dollars/m^ (^ several dollars/ft^) for mass produced items. 

The general principles and applications of selective solar coatings 
has recently been discussed by Jurisson, Peterson and Mar (ref. 1). 

They discuss vacuum-deposited coatings, electroplated coatings, paint- 
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type coatings and chemically etched coatings as means of achieving 
selective solar surfaces. Another way of modifying the optical 
properties of surfaces is by ion beam texturing. Some preliminary 
research on copper surfaces has been done in this area by Berg and 
Kominiak (ref. 2). The first extensive study of the ion beam texturing 
process was performed by Wehner and Hajicek (ref. 3). More recently 
the texturing process has been studied for thirty elements by 
Hudson (ref, 4). Ion beam texturing is the creation of a microscopic 
surface roughness by sputter etching the target while depositing a 
low sputtering yield seed material onto the target surface. 

Five materials [316 stainless steel (SS) , titanium (Ti) , aluminum 
(Al) , copper (Cu), and silicon (Si)] of general Interest for solar 
energy applications have been textured. Scanning electron photomicro- 
graphs have been taken of each surface to characterize the resulting 
morphology. Measurements of spectral reflectance (specular and 
diffuse) between 0.33 and 16 pm have been made for each material. 

Solar absorptance (ag) for air mass 0 and 2 and total emittance normalized 
for a 425 K blackbody were calculated from the data. Graphs showing 
spectral reflectance for each ion textured material are presented. 
Equilibrium temperature measurements of a collector surface in space 
and terrestrial environments were calculated for each material. 


ION BEAM TEXTURING PROCESS 

An eight-centimeter diameter, xenon ion source (fig. 1) was used 
in the texturing process. The ion source design is an outgrowth of 
technology previously developed for electron bombardment ion thrusters. 

The ion source uses hollow cathodes (ref. 5) as both the main cathode 
and the neutralizer. The magnetic circuit is a cusped field geometry 
(ref. 6), with permanent rod magnets around the perimeter of the discharge 
chamber. 

Beam extraction is accomplished by a dished, two grid ion optics 
system (ref. 5). The vacuum facility maintained a vacuum of 1 x 10"^ to 
during ion source operation. The facility was sufficiently large torr 
minimize backsputtered facility material from contaminating the experi- 
ments. 

The ion source is capable of operating at beam energies between 500 
and 2000 eV. The beam current is adjustable between 10 milliamperes and 
200 milliamperes. However, for the data reported herein the ion source 
was operated at a beam energy of 1000 eV and a beam current of 100 
milliamperes. The samples were positioned 10 cm from the ion source at 
the center of the beam. The current density at this location is 
2.0 ma/cm^. 


3 


Figure 2 shows the arrangement of the source, seed material, and 
target used in the ion beam texturing process. A 2.4 cm diameter 
sample to be textured (target) was positioned so that the ion source 
axis was normal to its surface. The seed material was mounted on a 
separate support and oriented at a forty-five degree angle with respect 
to the source axis. The seed material was located within the ion beam, 
envelope very close to, but not touching, the target. The ion beam 
simultaneously sputtered both the target and the seed material. The 
process results in a microscopic surface texture on the target. Targets 
as large as 12 cm could be textured using the 8-cm diameter ion source. 

The physical mechanism of the texturing process is thought to be 
the result of an agglomeration of the low sputtering yield seed material 
into microscopic regions on the surface of the target. The target 
regions beneath the islands of seed material are preferentially protected 
during sputtering and a. texture develops. It is thought that as the 
process continues the seed material islands are replenished by thermally 
activated surface migration (ref. 3). 


SPECTRAL REFLECTANCE MEASUREMENTS 

The apparatus used for spectral reflectance measurements between 
0.33 and 2.30 pm is shown in figure 3. The system consists of a 
tungsten strip filament lamp, monochromator, transfer optics, and an 
integrating sphere. The monochromator is a single-beam, double-pass, 
lithium fluoride prism instrument with an adjustable slit width. The 
20-cm diameter integrating sphere (ref. 7) has an electrostatically 
smoked magnesium oxide coating approximately 2-mm thick. The sample is 
mounted on a holder such that it is in the center of the sphere. The 
sample is positioned so that incident light strikes the sample 15 degrees 
from the sample normal. Two radiometers are located on the sphere wall. 

A IP 28 photomultiplier tube is used for the wavelength region 0. 33 to 
0.665 pm. A lead sulfide detector covers the range from 0.63 to 2.16 pm. 
A lock-in voltmeter, phased with a 13 cps mechanical chopper within the 
monochromator, is used to record the detector output signal. The total 
solar reflectance at air mass zero, pg , is defined as the solar energy 
(specular and diffuse components) reflected by a surface divided by the 
total energy incident upon the surface. Mathematically this relation 
is 


P S = 


p(X) Jg (X) d\ 
o 

J s (X) dX 
o 


( 1 ) 


where Jg (A) is the solar spectral irradiance for air mass zero at 
wavelengtS X and p(X) is the spectral reflectance. In order to 
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facilitate an experimental calculation of pg , the solar energy dis- 
tribution curve (ref. 8) was divided into 50 Wavelength intervals so 
that each incremental energy interval corresponded to 2 percent of the 
total solar energy (fig. 4). The spectral reflectance could not be 
measured below 0.316 pm, nor could it be measured above 2.30 pm. 
Therefore, forty-seven equal energy increments (94% of total solar 
irradiance) were used to approximate pg . The numerical approximation 
of equation (1) is ° 



i“47 - 
i=l 




P i (X) 


( 2 ) 


where AE is an increment of solar energy flux and p, (X) is the average 
spectral reflectance over a given increment of solar energy flux. 

The spectral reflectance, p(A), is determined by the ratio of the 
detector signal with the incident beam from the monochromator focused on 
the sample to the detector signal with the incident beam focused on the 
magnesium oxide wall of the sphere. A spectral reflectance datum point 
is obtained by setting the wavelength to the mean wavelength of an 
energy increment and setting the monochromator slit width to correspond 
to the energy increment wavelength range (ref. 9). Spectral absorptance 
a(A), is obtained by subtracting spectral reflectance from unity. 

The corresponding total solar absorptance at air mass zero, a c is 



This technique has been previously used (ref. 10). 

Equations (1), (2), and (3) can be applied to the calculations for 
the solar spectrum using air mass 2 distribution. Air mass 2 represents 
the solar spectrum after light passes through the atmosphere. It has 
absorption-bands which correspond to ozone, water, and CO 2 (ref. 11). 

> the s °l ar spectral irradiance weighted at air mass 2 using the 
same 47 wavelength intervals as Jg (A) , was incorporated into 
equations (1) and (2) to obtain the total solar reflectance at air mass 
2, Ps 9 • PSo was subtra cted from unity to obtain the total solar 
absorptance Z at air mass 2, a g (eq, 3). 



5 


Optical properties of the materials in the infrared region (1 to 
16 pm) were obtained using a holraura reflectometer (ref. 12). A water 
cooled (20 °C) ion textured sample 2 cm in diameter was placed into a 
nickel chamber that had a nickel oxide coating and was heated to 900 °C. 

The reflected radiation from the sample was directed into a monochromator. 
The monochromator was driven by an electric motor to obtain a continuous 
reflectance curve for the wavelength region of 1.0 pm to 16 pm. A nickel 
oxide sample was used as the reference sample, and a continuous re- 
flectance curve was obtained for this sample. The spectral reflectance 
is the ratio of the ion textured sample reflectance at one wavelength, 
to the nickel oxide sample reflectance at the same wavelength. Reflectance 
values starting at a wavelength of 1.0 pm to 16 pm (in Increments of 
0.5 pm) were used to obtain total emittance. The data was normalized 
for a 425 K black body. The calculation for total emittance, is 


e T = 1 “ 


P (A) <i> (DdX 


J 


<J> (A) dX 


1 - 



P ± U) <J> ± (A) (AA) ± 
f. (A) (AA) ± 


(4) 


where 


Pi (A) 

is 

the 

♦i(” 

is 

the 

(AA) ± 

is 

0.5 


spectral reflectance at i « 1, 
spectral irradiance from a 425 
pm. 


1.5, 2, ..., 
K black body 


16 pm 


RESULTS AND DISCUSSION 

All five materials were ion textured by 1000 eV Xe ion beam, Each 
material was exposed to the ion beam for different lengths of time. The 
sample was textured until the surface appearance did not change and looked 
black by visual observations. The exposure times are given in table I. 
Unpublished data indicate that the exposure times can be substantially 
reduced without changing the desired surface texture. The resulting 
microstructures were unique for each material and reproducible under 
identical ion source conditions. Two different kinds of microstructure 
were obtained. Copper, silicon, and aluminum had a texture that consisted 
of closely spaced cones as sh own in figures 5, 6, and 7, respectively. 

The aluminum cones are extremely thin and needle like. The peak-to-peak 
spacing ranges from an average value of 1 pm for silicon to 6 pm for 
aluminum (table I), The spectral reflectance for copper, silicon, and 
aluminum textured surfaces is shown in figures 8, 9, and 10, respectively. 
In all cases spectral reflectance in the visible region (0.4 to 0.7 pm) 
is less than 0.05. Because of poor detector response, spectral reflectance 
values between 1.4 urn and 2.1 pm are average values of the two different 



detection systems. The measured reflectance values are within 70 percent 
of the average value in this wavelength region as Indicated in each 
figure. Measurement uncertainties In the 1.4 to 2.1 pm wavelength 
region have a small effect on the total reflectance since the irradiance 
for a 425 K black body is small in this region (fig. 9). 

Titanium and 316 stainless steel surfaces after ion texturing are 
composed of a field of convoluted ridges as shown by the scanning electron 
photomicrographs in figures 11 and 12, respectively. The average peak- 
to-peak spacing for both materials is 0.5 pm. Figures 13 and 14 show 
the spectral reflectance for titanium and stainless steel, respectively. 
There is a significant increase in spectral reflectance (decrease in 
emittance) in the infrared wavelength region when compared to the copper, 
silicon, and aluminum results (figs. 8 to 10). This result is con- 
sistent with the fact that the peak-to-peak spacing is significantly less 
than the infrared wavelength range (.1-16 pm) (ref. 13). Therefore, 
the surface becomes more reflective. Because titanium and 316 stainless 
steel have smaller values (by a factor of 2.5) than copper, 

silicon, and aluminum but have cxg's of about equal value, ctg / and 
a S?/ e T are tw i ce as great for Ti and 316 stainless steel as for Cu, 

Si, and .Al (table II). By using the same ion beam sputtering technique, 
materials have been obtained which have /e T or ctg / e.j. ratios 
near unity (Cu, Si, and Al) or near 3 (Ti and 316 SS). ^ 

By changing the arrival rate of the seed material used in the 
texturing process (refs, 3 and 4), the cone structure density can be 
altered and potentially result in lower values of for Cu, Si, and 

Al. 


Surfaces that have a high solar absorptance are currently being 
considered for use as solar collectors. Though the emittance values of 
the ion textured materials (0.38 to 0.88) are not as low as black chrome 
(0.12, ref. 14), it has been shown (refs, 14 and 15) that several 
physical principles may be used to form selective absorbing surfaces. 

In a practical system the highest possible value of ctg is desirable. 

This principle is met by the ion textured surfaces. It is of interest 
to calculate the equilibrium temperature of Ion textured surfaces to assess 
the potential use in either space or terrestrial application. The 
following cases were selected for such an evaluation: 1) a surface in 

space absorbing solar radiation and reflecting radiation from one side 
only, 2) a surface in space absorbing solar radiation and emitting from 
both sides, 3) a solar terrestrial collector for which the stagnation 
temperature (T c 2 ) is calculated with no heat extracted from the system. 


Shown in table II (case I) are the equilibrium temperatures (T c ) 

attained by each of these materials while exposed to the energy ’ 
flux of one sun (140mw/em^) in space and omitting from the front surface 
only. The Ti and 316 stainless steel surfaces reached the highest 
temperature levels, since these surfaces had the highest a g/ £ T ratio. 
For- all the calculations, the emittance was normalized to a blackbody 
at 425 K as shown in equation (4). 
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Also presented in table II (case II) are the equilibrium temperatures 
which each of these materials would reach if there were front surface 
absorption and emission from both surfaces. This type of collector can 
be utilized where photo-thermal conversion of solar energy is desirable, 
at collector temperatures less than 425 K (ref. 15). Here the photo- 
thermal collector absorbs the energy of the sun and then acts as a 
radiator for infrared radiation at the collector operating temperature. 
Thus, for this type of collector all the textured surfaces have the 
correct optical properties that result in temperature levels of less than 
425 K. Cu, Si, and A1 as a front surface radiator only, also reach 
values leas than 425 K in space . 

For terrestrial applications the solar absorptance values (a g ^ ) 
calculated for air mass 2 are shown in table II, In spite of the* 
absorptance bands in the atmosphere for air mass 2, there Is only a 
1 percent difference between the absorptance at air mass zero and the 
absorptance calculated for air mass 2 for all five ion textured metals. 

Shown in table II (case III) are calculated values o'. the temperature 
of a collector, T c 2 > having a glass surface placed over it and a vacuum 
between the two surfaces. For this case there are no convective losses 
(reflections which are small are also neglected) and no heat is ex- 
tracted from the collector. Thus the stagnation temperature (T c 2 ) 
can be calculated for each textured surface from a heat balance ’ 
equation which is shown to be: 


a a (T \ - T 4 ) 
R c,2 a' 


-±+-±-1 

E S 


+ e a (T 
g g 


where = transmittance of glass (0.97) 

a = collector absorptance 

<p = solar flux, 100 mw/cti/ 

a = absorptance of glass =0.9 

e^ = emittance of glass = 0.9 at 310 K „ 

a® = 5.67 x 10 -5 erg/sec cnr K = 5.67 x 10“ 5 watts/cm K 
T = glass temperature 

T s , = sky temperature 

' = collector emittance 

T^ 2 = collector stagnation temperature 

In this equation the left side is the radiation absorbed by the 
collector. The first term on the right side of equation (5) is the 
radiation emitted by the collector and absorbed by the glass cover. The 
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second term on the right side is the heat radiated by the glass cover 
to the sky. Equation (5) can be put in the form 



T 1 

a a 
8 





x ) 


( 6 ) 


For ease of calculation a value of 310 K was set for V ' glass cover 
to conform with that of the collector systems of references 14 and 16. 

(Varying T by 30 K changes T 2 by 10 K) . Collector stagnation 
temperature^values of the ion textured surfaces (T „) are shown in the 
last column of table II. For Ti and 316 stainless c 3teel the highest 
values of collector temperatures were obtained, 459 K and 468 K, respectively. 
These values are slightly less than a black chrome collector system 
(505 K stagnation temperature, ref. 16). However, the upper limit stag- 
nation temperature levels are important from a safety consideration 
because of the building materials involved. (Fiberglass insulation with a 
bakelite binder was used to construct the solar collector of ref. 16). 

For this system Cu, Si, and A1 ion textured surfaces could be utilized. 

The present data of the ion textured surfaces probably do not yield 
a favorable efficiency/cost trade relative to electroplated coatings. 

Ion textured emisslvltles are relatively high for use as solar collection 
surfaces and surface processing may be quite expensive. However, because 
the surface roughness material is an integral part of the substrate and 
not plated or painted onto it, ion textured surfaces may potentially 
be more durable than present coatings. The only potential means of 
degradation with time is through alterations of the surface texture. 

Therefore, these surfaces may be far more durable than present coatings. 
Additional system studies (cost/efficiency and reliability) might be 
made for a system using ion textured aluminum foil. The aluminum surface 
structure might be optimized to smaller dimensions which would yield 
lower processing time, lower cost, and potentially a lower emisslvity. 


CONCLUSIONS 

Ion beam textured, cone-like surfaces were developed on copper, silicon, 
and aluminum. Each material has a unique microstructure which is 
reproducible under the identical ion source conditions. The peak-to-peak 
spacing between the resulting surface cones ranged from 1 pm for silicon 
to 6 pm for aluminum. These micros true tures resulted in values 

greater than 0.95 for air mass zero and 2 and e values between 0.77 
and 0.86 normalized for a 425 K black body. 


Titanium and 316 stainless steel developed serpentine ridge 
microstructures when exposed to 1000 eV Xe ion beam. The average . peak- 
to-peak distance was 0.5 pm for both materials. The calculated a s 
and values for titanium were both 0.96 and for 316 stainless §teel 

were 0.93 and 0.94, respectively, was 0.43 for titanium and 0.38 

for 316 stainless steel when normalized to a 425 K black body. 

Calculations using the experimental values of ctg and Efj, for each 
material indicate that selective absorbing surfaces with stagnation 
temperatures ranging from 409 K for Cu to 494 K for 316 stainless steel 
can be obtained. A black chrome collector with a solar collection 
system would yield a stagnation temperature of 505 K. 

Ion textured surfaces may degrade very little with time resulting 
in low maintenance costs although the initial processing costs may be 
higher than the costs of presently used coatings. Refinements in the 
ion texturing process for each individual material may result in durable 
surfaces with better optical properties (higher absorptance and lower 
emlttance) for solar collection. 
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TABLE I. - ION TE 
OF Cu, Si, Al, Ti 


Material [ 

1 

I 

i 

Ion beam 
sputtering 
duration 
at 1 kv and 
100 ma 
(min) 

Type of 
structure 

Copper 

90 

cone 

Silicon 

240 

cone 

Aluminum 

270 

cone 

1 

Titanium 

447 

ridge 

316 Stain- 
less steel 

| 

540 

ridge 


I 

I 


SURFACE PARAMETERS 
316 STAINLESS STEEL 


| Peak 
to 

i peak 
urn 

i 

Height 

um 

Surface 
structure 
growth rate^ 
um/min x 10 

1 

i 3 

4.4 • 

• 

490 

1 1 

0.9 ; 

38 

6 

| 

15.2 

560 

1 0.5 

i 

0.3 

6.7 j 

! 0.5 

0.5 

9-3 ' 


TABLE II. - OPTICAL PROPERTIES OF ION TEXTURED SURFACES 



Copper 0.055 0.945 0.154 0.864 1.09 404 342 0.957 


Silicon .027 .973 .249 .776 1.25 419 352 j .976 1.26 

Aluminum .028 .972 .195 .822 1.18 ! 413 347 .972 1.18 

Titanium .043 j .957 .633 .434 i 2.21 482 405 .966 2.23 

316 Stainless 

steel .073 ; .927 .678 .382 2.43 494 415 


941 


2.46 
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Figure 2. - Sketch pf the apparatus arrangement used tor ion beam te«turing. 
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Figure 6. - Scanning electron photomicrograph of an ion beam textured silicon 
surface. 
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Figure 7. - Scanning electron photomicrograph ol an ion beam textured aluminum 
surface. 
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Figure 9. - Spectral reflectance tor ion beam teitured silicon. 
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Figure 10. - Spectral reflectance for ion beam teitured aluminum. 






Figure II. - Scanning electron photomicrograph ot an ion beam textured titanium 
surface. 



figure 1?. - Scanning electron photomicrograph nl an Ion beam textured stainless 
steel surface. 
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Figure 13. - Spectral reflectance lor ion beam textured titanium. 



Figure 14. Spectral reflectance lor ion beam textured 316 stainless steel. 
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